Abstract-Tactile displays are often used to present spatial cues about the environment, although the optimal configuration of a display used for spatial cuing is not known. The objective of the present set of experiments was to characterize the properties of surface waves induced by vibrotactile stimulation and to determine if the propagation of surface waves was a factor influencing the ability to localize a point of stimulation in a tactile display. Three sites on the body were tested: the palm of the hand, the forearm, and the thigh. An accelerometer array was fabricated and used to measure the surface waves. The results indicated that there were significant differences between glabrous and hairy skin in terms of the frequency and amplitude of oscillation of the motor. Analyses of the motion of the surface waves across the skin indicated that they were markedly attenuated at 8 mm from the motor, but even at 24 mm the amplitude was still above perceptual threshold. The localization experiment indicated that subjects were much better at identifying the site of stimulation on the palm as compared to the forearm and thigh, and that the latter two sites were not significantly different.
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INTRODUCTION
V IBROTACTILE displays appear to hold considerable promise in presenting spatial cues due to the intuitive mapping that occurs between a point of stimulation on the body and the location of an event in the external environment. Such cues have been used effectively to indicate the direction of an upcoming turn when driving or walking, the position of an object in a visual display or the direction of body sway for postural control [1] , [2] , [3] , [4] . The optimal configuration of a vibrotactile display for spatial cuing has not been determined although a number of factors that influence localization have been identified [5] , [6] . These include the site on the body stimulated, the properties of the vibrotactile stimulus presented, and the number and spacing of motors (tactors) used in the display.
Areas of the body with high densities of mechanoreceptors such as the hand and the face have greater spatial acuity and so can resolve the location of a tactile stimulus with greater precision than those regions with lower acuity, such as the torso [7] . In addition for the limbs, spatial acuity improves in a proximal to distal gradient from the shoulder to the fingertip, a phenomenon known as Vierordt's law of mobility. Localization thresholds on the hand average 2-3 mm as compared to approximately 7 mm on the forearm [7] . These thresholds are based on step-function stimulation in which subjects determine the direction of change in locus of two successive tactile inputs. Higher thresholds have been reported using other methods such as mapping the point of tactile stimulation to a position on a visual image of the body part [8] .
Vibratory stimuli have rarely been used in studies examining tactile spatial resolution. In one of the few experiments using vibration, Rogers [9] determined the two-point acuity for vibration delivered to the fingertips. He used a procedure that randomly varied the amplitudes of vibration of two 1-mm diameter stimulators that were separated by a distance that ranged from 2 to 10 mm. Participants were required to indicate which location had the greater amplitude stimulus as the frequency and amplitude of the vibration were varied. He reported that subjects were able to discriminate a spatial separation of 2 mm and that their performance was slightly better for a 250 Hz as compared to a 10-Hz stimulus. Using a different experimental paradigm in which subjects had to indicate whether two vibratory stimuli delivered successively on the back were at the same or two different locations, Eskildsen et al. [10] reported that the localization threshold for vibration was 10-11 mm, which is similar to the point localization threshold (11-13 mm) measured for static stimuli on the back [11] .
Localization has also been measured using linear arrays of motors mounted at different sites on the body. The actuators used in these studies have included voice coil motors (C2 tactors, Engineering Acoustics, Inc.) [5] , [12] , piezoceramic tactors [13] and eccentric rotating-mass motors [6] , [14] . The first two types of actuator have a moving element that generates vibration in the plane normal to the skin, whereas the rotating mass motors generate a rotational vibration parallel to the skin. In these experiments, subjects are asked to identify the site of stimulation and performance is measured as a function of the number and location of motors in the display. Cholewiak et al. [5] reported that as the number of motors in a belt worn around the waist decreased from 12 (72 mm between the motors) to 6 (140 mm between the motors), localization scores increased from 74 to 97 percent correct. A similar improvement in localization with increasing intertactor spacing has been noted for linear arrays of motors mounted on the arm. Cholewiak and Collins [13] found that when the intertactor spacing on the forearm increased from 25 to 50 mm, localization improved from approximately 53 to 80 percent correct. They also noted that there was a significant effect of place of stimulation on the ability to localize stimuli, with sites at the ends of the array being identified more frequently (74 percent correct) than those in the middle (42 percent correct). Similar results were reported by Salzer et al. [12] who used a linear array of eight tactors around the thigh. They found that localization scores averaged 72 percent correct, although performance was significantly better for tactors placed on the mid-frontal and mid-dorsal locations of the thigh. A further factor that facilitates identifying the location of vibrotactile stimulation is placing the motors on or near anatomical landmarks such as the elbow, navel, or spine [5] .
With two-dimensional tactile displays the number and spacing of tactors has a profound influence on localization. These two variables are often coupled in that as the number of motors increases, the distance between them decreases. When the spacing between motors mounted in a three-bythree array on the back is 60 mm, participants can identify the location of a vibrotactile stimulus on 84 percent of the trials [14] . However, with a denser array of motors arranged in a four-by-four configuration with a separation of 60 mm in the horizontal direction and 40 mm in the vertical direction, localization scores average 59 percent correct [6] . In the latter experiment most errors involved mislocalization by a single motor, and so when the responses were coded in terms of localizing stimulation to within one motor of the one activated, the overall response rate was 95 percent correct. The results from these studies indicate that localizing vibrotactile stimulation depends on both the number and spacing of motors in the display.
The physical characteristics of the vibratory stimulus such as its amplitude and frequency can influence localization, although the effects are not as large as might be anticipated from mechanoreceptor properties. For example, it is known that the cutaneous mechanoreceptors responsive to higher frequencies of vibration (i.e., Pacinian corpuscles) have larger receptive fields than those responsive to lower frequencies (i.e., the Meissner corpuscles). On the basis of these properties, it would be reasonable to assume that the ability to localize vibrotactile stimuli would be poorer when the Pacinian corpuscles are the primary class of receptor activated. However, Sherrick et al. [15] found that this was not generally the case and that the frequency of vibration was only significant for stimuli delivered on the most proximal position on the palm and that at more distal sites along the fingers stimuli with frequencies of either 25 or 250 Hz were equally well localized. Cholewiak and Collins [13] also found that varying vibrotactile frequency from 80 to 250 Hz had no effect on localization on the forearm and a similar result has been reported for the torso [16] . In the latter study, it was noted that tactors on the edges of the display were identified more frequently than those in the center [16] .
The size of the contactor area may also influence the ability to localize vibrotactile stimuli, although there do not appear to be any studies in which this has been systematically investigated. Above 50 Hz, vibrotactile thresholds decrease as contactor area increases, presumably due to the spatial summation of afferent signals from Pacinian corpuscles. At lower frequencies, the threshold is independent of area indicating that the afferent signals from mechanoreceptors responsive to these frequencies do not summate [17] , [18] . For very small contactor areas (0.5-2 mm 2 ), the threshold is independent of frequency [17] . Collectively, these findings have been interpreted as indicating that the more important dimension in localization may be the density and density gradient of the receptors involved and not the receptive field size.
One factor that may influence the ability to localize a vibrotactile stimulus on the skin is the surface wave created by activation of the motor. Due to its viscoelastic properties, skin absorbs some of the energy imposed on it during vibration (compressional waves) and transmits some energy in the form of transverse surface waves. In the frequency range below 5 kHz, the shear wave is the primary source of energy propagation in tissue, and at low frequencies (below 100 Hz) these waves are predominantly influenced by the skin's elasticity. As frequency increases, the influence of viscosity also increases and is the predominant influence on energy propagation above 100 Hz [19] . The velocity of surface waves created during vibration has been measured using stroboscopic illumination and estimated to range from 2 to 40 m/s [20] . It has also been measured at different sites on the body using fiber optic sensors and found to vary from about 5.5 m/s on the forearm to 63.5 m/s on the shin [21] . More recently, Manfredi et al. [22] used a laser Doppler vibrometer to measure the speed and decay of traveling waves along the finger as a stimulator probe on the tip vibrated at frequencies ranging from 20 to 1,000 Hz and amplitudes that varied from 0.1 to 200 m. They found that the frequency of vibration determined both the rate of decay of the surface waves and their speed of propagation along the skin. The amplitude of the vibrations decayed more rapidly at low and high frequencies (20 and 1,000 Hz) than at the more intermediate frequencies (100-300 Hz). Manfredi et al. [22] also observed that the structure of the vibratory stimulus was relatively well preserved in the surface waves as they propagated away from the point of stimulation.
At any site on the body the velocity of the traveling wave will also depend on the temperature of the skin and the constituency of the underlying tissue, in particular variations in the dermal matrix. Even though the amplitude of the surface waves diminishes with distance, Cholewiak and Collins [13] reported that vibrations applied to the fingertip could be seen traveling up the arm. Similarly, Delhaye et al. [23] have shown that during tactile exploration of textured surfaces with the fingerpad, vibrations can be measured in the forearm tissues. This means that surface waves can excite mechanoreceptors some distance from the site of stimulation, which would enhance detecting a vibrotactile stimulus, but also contribute to errors in localizing its source. For some actuators such as the C2 tactor, a rigid surround has been placed around the moving contactor to reduce the spread of vibration waves.
Since the amplitude of vibration influences its perceived frequency [24] , it is of interest to measure the frequency and amplitude of a vibrotactile stimulus on the skin, as well as the resulting surface wave amplitude as it travels along the skin. The objective of the first set of experiments was to develop a system that could characterize the properties of these surface waves as they propagate along the skin during vibrotactile stimulation. Measurements were taken at three sites on the body commonly used for tactile displays: the palm, forearm, and thigh. The objective was to determine whether variations in the mechanical properties of skin affected the frequency and amplitude with which the motor vibrated and influenced the attenuation in surface waves as they traveled along the skin. Because surface waves may contribute to errors in localization and in perceiving tactile patterns, characterizing their properties is important to the design of tactile communication systems.
The second series of experiments examined the somatosensory system's ability to localize vibrations at each of these sites. Psychophysical experiments were performed using a three-by-three array of motors in which individual motors were activated and subjects had to identify the location of stimulation in the array.
EXPERIMENT 1A
Pancake motors were used in both the mechanical and psychophysical experiments. The performance of the motors was first characterized using an impedance head connected to a charge amplifier so that the influence of the surface on which the motors were mounted could be quantified. The data acquired when the motors were on a rigid structure (the impedance head) were then used to determine how much the frequency and amplitude of vibration changed when the motor was mounted on the more compliant surface of the skin.
Apparatus
Ten Sanko Electric (Model 1E110) pancake motors, which oscillate when an eccentric mass rotates around the center of the motor, were used in the experiments. These motors are 14 mm in diameter (surface area: 154 mm 2 ), 3.5 mm thick, and weigh 1.6 g. To characterize motor performance, each motor was glued with epoxy to a threaded pin and mounted on an impedance head (Brü el and Kjaer, Type 8001) which was bolted to an optical board as illustrated in Fig. 1 . The impedance head measured the accelerations produced in the plane of rotation of the eccentric mass and output a voltage proportional to the acceleration. This voltage was sent to a charge amplifier (Brü el and Kjaer, Type 2635) which filtered and amplified the measurements. The data were then sent through a data acquisition system (National Instruments USB-6251) to the computer for processing in LabVIEW (National Instruments). A LabVIEW program used a fast Fourier transform (FFT) and harmonic distortion analyzer to identify each motor's frequency of vibration. The motor was powered by a DC power supply (Agilent E3632A) at specified voltages (2, 3, and 4 V). Each measurement lasted 4-5 sec and was repeated 10 times.
Results
The results of the impedance head measurements showed that the mean (AE standard deviation) frequency of vibration of the 10 motors was 62.7 (AE10.9), 94.0 (AE22.0), and 113.2 (AE24.9) Hz when powered at 2, 3, and 4 V, respectively. The means of the data from all 10 motors showed that the mean frequency increased by an average of 25 Hz per volt, following a linear trend of
where f is the mean frequency and x is the supply voltage.
Overall the results of these measurements showed that there is considerable variability in the frequency of oscillation among the motors, which ranged from 67.4 to 131.9 Hz at 3 V. The frequency of a single motor also varied slightly from trial to trial with a mean standard deviation of 4.4 Hz.
EXPERIMENT 1B
The objective of this experiment was to design and test an accelerometer array capable of simultaneously measuring the surface wave at multiple points on the skin. Due to the multidimensional nature of the oscillation elicited by the pancake motors, as opposed to the more one-dimensional movement characteristic of other tactors, it made sense to measure the vibration in all three axes of acceleration and in both the proximal-distal (longitudinal) and medial-lateral (transverse) directions.
Participants
Eight subjects, four males and four females, aged 19 to 31 years old were tested. They did not have any neural or dermatological conditions that would have affected their performance. All subjects gave informed consent to the procedures.
Apparatus
A flexible printed circuit board (PCB) containing eight 3-axis microaccelerometers (STMicroelectronics LIS331DLH) with a sensing range of up to AE8 g was designed and fabricated for experimental measurements. Each accelerometer was in a land grid array package which was 3 Â 3 Â 1 mm and had a mass of 19 mg. The output from the accelerometer changes with temperature from a nominal 25 C by AE1 Â 10 À3 m Às per K. It is estimated that the temperature of the accelerometer on the PCB on the skin would be about 5 K above this reference temperature and so the mean level of error would be in the order of AE5 Â 10 À3 m Às . This level of error in the mean accelerations recorded would not have a significant effect on the displacement calculated.
The flex PCB was constructed out of layers of kapton and adhesive containing two trace layers of 28 g copper wiring, resulting in a total thickness of about 0.2 mm. The long side strips of the PCB were designed so that they would bend when attached to motors on the skin. The spacing between accelerometers on the side arms was 16 mm and was chosen such that it would capture the extent of the surface wave on the skin [25] . The initial intent was to use a single accelerometer array to measure the motor and skin vibrations; however in order to eliminate the possibility that vibrations may be transmitted through the flex PCB itself, two separate arrays were used, one for the motor and one for the skin. Once the motor and arrays were secured in place the motor was connected to an adjustable DC power supply (Agilent E3632A) and activated at 3, 4, or 5 V while measurements were taken with the PCB array.
Data were collected from the two accelerometer arrays through a National Instruments NI USB-8451 and into a LabVIEW program, at a bit rate of 10 kHz resulting in a sampling rate of 180 Hz per axis. After the data were read from the accelerometers they were converted in LabVIEW from two's complement into a decimal value for acceleration in units of m=s 2 . Waveforms for each axis of acceleration were collected from the accelerometers and saved as time domain signals. The time signals were then analyzed using a FFT and a harmonic distortion analyzer in LabVIEW to determine each signal's fundamental frequency. The acceleration waveforms were also converted into displacement waveforms using double integration; the displacement waveforms were then used to determine the peak amplitude of vibration for each axis at each location and supply voltage.
Method
A pancake motor was first affixed to the subject's skin with double-sided tape and two PCB accelerometer arrays were attached with tape, one on top of the motor and one on the skin at a set distance as shown in Fig. 2 . The top bar of the "T" of the array was taped to the skin. Only the first of the three accelerometers extending in front of the T shaped array was used to measure the surface wave on the skin. The array was moved to make measurements at different distances from the motor. Measurements were made at three locations, the base of the thenar eminence on the palm of the hand, the volar surface of the forearm, and the volar surface of the thigh. The first set of trials involved making measurements on the motor attached to each site as it was activated at 2, 3, and 4 V. Each measurement lasted 10 sec and was repeated five times. Following this, measurements were made of the traveling wave elicited by vibrating the motor at 3 V. These measurements were made at 8, 16, and 24 mm from the motor at all locations. For all tests only one accelerometer was sampled per array, one on the motor and one on the specific location at which the surface wave was being measured (8, 16 , or 24 mm from the motor). These distances were selected based on preliminary experiments in which high speed video recordings were made of the surface wave on the skin during vibration and on the typical intertactor spacing used in tactile displays. At all three body sites, measurements were taken in the proximal-distal (longitudinal) and medial-lateral (transverse) direction. Each measurement lasted 10 sec with five repetitions. This process was repeated at each location.
Results
The results from the initial motor characterization experiments using the impedance head (Experiment 1A) were compared to measurements made on the three sites on the body to determine if there was a change in frequency when the motors were mounted on the skin. These data are shown in Fig. 3 where it can be seen that the frequency was reduced by an average of 28 percent when the motor was mounted on the skin as compared to the impedance head. At 3 V, the overall decrease in frequency averaged 24, 38, and 36 percent for the palm, forearm, and thigh, respectively.
A comparison of the three body sites revealed that the highest frequency of vibration occurred on the palm, reaching 80 Hz at 4 V as compared to 64 and 67 Hz on the SOFIA AND JONES: MECHANICAL AND PSYCHOPHYSICAL STUDIES OF SURFACE WAVE PROPAGATION DURING VIBROTACTILE... 323 Fig. 2 . Test setup on the forearm (left) and palm (right). The arrows indicate the longitudinal (red) and transverse (blue) directions for bidirectional testing. On the forearm, the array is set up for testing in the longitudinal direction (along the red arrow), whereas on the palm the test configuration is for transverse measurements (along the blue arrow). The schematic in the corner shows the axis orientation only for the setup on the left; however, in all cases, the y-axis of acceleration aligns with the straight line between the two active accelerometers. The interaction between body site and input voltage was also significant (Fð4; 28Þ ¼ 8:05; p < 0:01). The main effect of body site reflects the higher frequencies of vibration measured on the palm as compared to the forearm and thigh, which were not significantly different. The main effect of voltage indicates that motor frequency increased significantly with input voltage, as expected, and the interaction reflects the slight difference in the rate at which the frequency increased with voltage for the palm as compared to the forearm and thigh. Surface waves produced by activating the motor at 3 V were measured along the skin in two directions on the palm, forearm, and thigh. The amplitudes of these surface waves in the x, y, and z axes in both the longitudinal and transverse directions are illustrated in Fig. 4 . These data show that the surface wave is propagated mainly in the y-axis, as demonstrated by the higher displacement amplitudes measured in this axis at varying distances from the motor. In both the x and z axes, there is marked attenuation with distance, which would be expected given the configuration of the accelerometer array with respect to the motor. Surface waves with the smallest amplitudes were measured on the palm and the largest amplitudes were measured on the thigh.
Statistical analyses of these data were conducted using three-way repeated measures ANOVA with body site, distance, and direction as factors. For all axes, there was a significant effect of body site (x-
There was no significant effect of direction (longitudinal versus transverse) on the amplitude of the surface waves measured, and no significant interaction between direction and body site. In all three axes, the amplitude of vibration measured on the motor mounted on the palm was considerably smaller than that measured on the forearm and thigh. At all three sites, there is a marked attenuation of the surface wave at 8 mm from the motor, and thereafter the amplitude decreases more gradually. The mean attenuation of the waves' amplitude showed that the thigh had the highest overall rate of attenuation (80 percent) in both directions along the skin followed by the forearm (75 percent) and then the palm (71 percent). The data were normalized by dividing the amplitude of vibration measured at 8, 16, and 24 mm by the amplitude measured on the motor so that the decay of the surface wave could be characterized. In all cases, the amplitude of the vibration measured in the y-axis was greater than that measured in the x and z axes. An exponential function was found to provide an excellent fit to the data. For the y-axis, the exponential decay constant varied from 22 to 42 mm, whereas it varied from 17 to 27 mm for the x-axis.
Discussion
The results from the initial experiment are consistent with previous tactor characterization experiments performed on the same type of motors [26] . In the latter study, it was also found that the average frequency of vibration varied across motors, ranging from 92.9 to 162 Hz at 3.3 V with an average of 134.9 Hz (SD: 20.8 Hz). One of the objectives of the second experiment was to determine whether the frequency of vibration changed significantly when the motor was attached to a more compliant surface and whether there were any differences among sites on the body typically used to present vibrotactile cues. The results showed that for this type of motor there was a marked attenuation in the frequency of oscillation when the motor was attached to the skin, with the frequency decreasing from 94 Hz (as measured at 3 V on the impedance head) to an average of 64 Hz. The resonant frequency of the motor is proportional to the inverse square root of the total moving mass, and so it would be predicted that with the tissue surrounding the motor also oscillating when the motor was activated, the frequency of oscillation would decrease. There was also a significant difference between glabrous (palm) and hairy skin (forearm and thigh), with higher frequencies being measured on glabrous skin. This means that the mechanical properties of skin influence the input to cutaneous mechanoreceptors and that the signal perceived by a human observer may therefore vary for the same mechanical input.
As expected, the amplitudes of the surface waves decreased with distance from the locus of stimulation but were still measurable at 24 mm and were greater than the perceptual threshold for detecting vibration [27] , [28] . A comparison of the decay of the surface waves measured in this experiment with those reported by Manfredi et al. [22] at a similar distance indicates a more rapid attenuation (94 percent at 16 mm, 98 percent at 32 mm) in their experiment which involved vibrotactile stimulation with a 2-mm diameter probe on the finger tip. The amplitudes of vibration used in that experiment ranged from 0.1 to 200 m which is considerably smaller than the range used in this study (400-1,200 m). Various expressions have been proposed to characterize the decay of the surface wave including a power function [22] and an exponential relation [29] . In this experiment, an exponential function was found to provide an excellent fit to the data.
The results also showed that surface waves attenuated at different rates at different locations and so the optimum motor spacing in a tactile display may need to vary as a function of the site on which it is attached. The similar amplitude values on the forearm and thigh, as compared to the palm, presumably reflect differences in the mechanical properties of hairy and glabrous skin. In contrast to hairy skin, glabrous skin has a thick epidermis with a stratum corneum that ranges from 100 to 200 m, as compared to 10-40 m in hairy skin. In addition, the skin on the palm is anchored by fibrous tracts to the underlying fascial planes which prevent the skin from gliding over the underlying tissue [30] . These structural differences between the two types of skin contribute to the greater stiffness of glabrous skin [31] .
Studies of the mechanical impedance of skin also reveal how its properties at different locations on the body influence its response to applied vibrations. Mechanical impedance is defined as the ratio of the applied dynamic force to the velocity of the system's vibration. Moore and Mundie [32] reported that the mechanical impedance of skin on the hand and arm was similar, although other studies have shown that the resonant frequency (i.e., the frequency at the lowest impedance level) changes considerably as a function of the underlying tissue. On the glabrous skin of the hand the resonant frequency decreases from around 200 Hz on the fingertips to about 100-110 Hz in the center of the palm [33] . In contrast, resonant frequencies of about 600 Hz have been measured on the chest overlying a rib, and on the thigh the resonant frequency is around 20-30 Hz [19] . The thigh and forearm are similar in terms of the underlying soft tissue and muscle, whereas the underlying structures in the palm are stiffer. It would be expected that the mechanical response to vibration at the former sites would be similar, as found in this experiment. A direct comparison between these results and measurements of mechanical impedance requires that the same system be used to measure mechanical impedance at different locations because impedance does change with the pressure and area of the probe used to perturb the skin [32] .
The statistical analyses did not provide any evidence of anisotropies on the skin, as indicated by the absence of any effect of direction (longitudinal versus transverse) on the propagation of the surface waves. Although the skin is known to be anisotropic, these results are consistent with previous findings by Liang and Boppart [34] , who found that there were no measureable anisotropies in skin stiffness when measured parallel and orthogonal to Langer's lines at low frequencies of around 50 Hz. Anisotropies in skin stiffness did not appear until the skin was tested at much higher frequencies of around 600 Hz.
EXPERIMENT 2
The goal of this experiment was to measure the accuracy with which subjects could identify the site of stimulation in a tactile display as a function of the separation between motors and at different locations on the body. An absolute identification procedure was used at the three sites tested: the palm, forearm, and thigh. To compare localization at the three sites, the dimensions of the display needed to remain the same and so the maximal separation between motors was constrained by the surface area on the palm.
Participants
Eight subjects, four males, and four females, aged 19 to 31 years old were tested. They were all right handed. Seven of these subjects also participated in the first experiment. They did not have any neural or dermatological conditions that would have affected their performance. All subjects gave informed consent to the procedures.
Apparatus
A three-by-three array of pancake motors was taped to the skin on the palm, volar forearm, and thigh (see Fig. 5 ). A piece of two-sided tape was affixed to the back of each motor which was then attached to the skin firmly at the measured location. The motors adhered well to the skin and did not become loose during testing. The arrays were attached to the left side of the body. At each location the motors were placed in two configurations, with 8 or 16 mm edge-to-edge separation between motors within the array. These distances correspond to a center-to-center separation of the motors of 22 and 30 mm, respectively.
Method
On each trial one motor was activated with a 500 msec double pulse at 3.3 V (see Fig. 6 ) delivered by a custom built motor controller [35] . Subjects had to identify which motor was activated using a visual template which indicated the location of each motor by number. Subjects could not see the motor array during testing. The sound of the tactors was masked by the background noise in the room. Any auditory cue from the tactors would not have facilitated identifying the location of stimulation as the cue was the same for all sites tested. Prior to testing, each motor in the array was activated and subjects were told which motor number it was and the appropriate response on the visual template was indicated. During the experiment, each motor was activated three times for a total of 27 trials at each site and distance. In all tests the top row containing motors 1-3 was in the most distal position, and the columns of the array (motors 1-4-7, 2-5-8, and 3-6-9) were along the longitudinal axis of the limbs. After testing was completed, each subject's answers were scored and entered into a response matrix so that errors could be analyzed in addition to correct responses. All subjects were tested at all sites and intermotor spacing with the order of presentation randomized across subjects.
Results
The mean percent correct scores were calculated for each experimental condition and are shown in Fig. 7 . Subjects were superior at localizing a point of stimulation on the palm (mean 81 percent correct) as compared to the forearm (49 percent) and thigh (46 percent). Scores improved slightly on the palm and arm (by 4 and 8 percent, respectively) when the spacing between the motors increased. On the thigh, performance deteriorated as the spacing between the motors increased (from 48 to 43 percent correct). A two-way repeated measures ANOVA with body site and intertactor spacing as factors revealed that body site had a significant effect on performance (Fð2; 14Þ ¼ 25:21; p < 0:001) but that the spacing between the motors was not significant. There was no significant interaction between body site and spacing.
Subjects' ability to identify specific motor locations was evaluated by calculating the percentage of correct responses at each location. These scores ranged from 48 to 70 percent correct and the positions identified most consistently were the four motors in the corners of the array with a mean identification score of 66 percent correct as compared to 52 percent for the remaining five motors.
The confusion matrix of the subjects' responses (see Table 1 ) can provide insight into the factors that may have influenced localization. An initial analysis of the errors revealed that subjects were able to identify the correct column of tactor activation nearly twice as often as the correct row, averaging 59 percent for the correct column as compared to 26 percent for the correct row. Fig. 8 shows the percentage of errors in which the correct row and column were identified at each site and intertactor distance. Despite the similar spacing in both the proximal-distal and transverse directions, participants were clearly more accurate in identifying the column that the activated tactor was in.
From the confusion matrix, the information transfer (IT) associated with the various skin sites tested was calculated. IT values determine how many "bits" of information subjects can distinguish from the set of stimuli presented and indicate the maximum number of locations that can be identified without error. For each stimulus-response pair (S i ; R j ), the IT was calculated by where P(S i =R j ) is the proportion of correct responses, R j for S i , and P(S i ) is the probability of stimulus S i [36] . The average IT value for each skin site and spacing was calculated using the equation:
where P(S i ; R j ) is the probability of response R j given S i , and P(R j ) is the probability of R j . The maximum IT is called the information in stimulus (IS) which is the total number of bits contained in the stimuli or the IT value for 100 percent accuracy, and can be calculated more simply using the equation
The IS, or maximum IT, for this set of stimuli assuming 27 trials for each of the eight subjects, in which each motor is activated three times, is 3.17 bits, meaning that there are 3.17 total possible bits of information to be transferred from the stimuli with nine locations to be identified. The calculation 2 IT gives the maximum number of locations that can be correctly identified [37] . Given this, the IT values for the palm with motors spaced at 22 and 30 mm were 2.34 bits (5 locations) and 2.46 bits (5.5 locations), respectively. On the forearm, the IT was 1.02 bits (2 locations) and 1.42 bits (2.7 locations) at 22 and 30 mm, respectively, and on the thigh the IT was 1.17 bits (2.2 locations) and 1.32 bits (2.5 locations), respectively. These results are illustrated in Fig. 9 where it can be seen that the poorest performance was actually on the forearm with an intermotor spacing of 22 mm, in contrast to the percent correct scores which show that localization was lowest on the thigh when the intertactor spacing was 30 mm. The IT values also show that there is improvement with increased spacing on all three body parts.
Discussion
The results of the psychophysical experiment indicate that the palm is superior to the forearm and thigh for precise spatial cuing using a vibrotactile display. Subjects were able to identify the location of a tactile input in an array of nine motors on the palm on over 80 percent of the trials. In contrast with the same array and spacing between motors, subjects could only identify the location of stimulation on 49 and 46 percent of the trials on the forearm and thigh, respectively. These results were all obtained with tactile displays mounted on the left side of the body. There is no evidence to suggest that there are laterality differences in the ability to localize stimuli, as point localization thresholds are the same for the right and left sides [11] . The superior performance of the hand no doubt reflects the greater density of rapidly adapting (RA) mechanoreceptors in glabrous skin as compared to hairy skin. At the 50-80 Hz at which these motors oscillate on the skin both the FA I (associated with Meissner corpuscles) and FA II (Pacinian corpuscles) afferent units would be active during stimulation [38] . On the hairy skin of the volar forearm and thigh, perception of vibrotactile stimuli involves at least three types of mechanoreceptors: Pacinian corpuscles, slowly adapting type II fibers, and the RA fibers associated with hair follicle afferents [27] , [39] . Vibrotactile threshold studies on the forearm suggest that it is the non-Pacinian receptors that determine thresholds at frequencies from 12 to 500 Hz [40] . An additional source of information about the location of the vibrating tactor in this experiment may have arisen from SA II afferent units found in both glabrous and hairy skin. These afferents signal direction-specific information about changes in lateral skin stretch [41] . As the motors were taped to the skin when they vibrated a torsional motion would have been applied to the skin which may have facilitated localization.
For all sites tested increasing the separation between motors from 22 to 30 mm did not significantly improve performance on this localization task. These findings differ from those of Cholewiak and Collins [13] who found a significant improvement in localization when the spacing between their seven tactors positioned on the forearm increased from 25 to 50 mm. A linear array of tactors was used in the latter experiment and the distance between the motors increased by 25 mm as compared to 8 mm in this study. However, despite the greater separation between motors in the Cholewiak and Collins [13] study, the site of stimulation was identified on only 55 percent of the trials, similar to these results. Other experiments on the forearm with three-by-three arrays and 25 mm between the tactors have reported similar localization scores ranging from 50 [37] to 53 percent [42] . Higher localization scores (72 percent correct) have been reported for the thigh with a linear array of tactors [12] . Collectively, these results suggest that the mapping of spatial information from the arm or thigh to a number of locations in the environment or onto a visual display will not be precise when seven or more motors are in the array. It is possible that with larger distances between the motors and by using the enhanced localization associated with placing tactors near anatomical landmarks [5] , [13] , performance can be enhanced.
One limitation of measures such as percent correct or discrimination thresholds is that they cannot be used to compare the performance of different tactile displays [36] . In contrast, IT measures are usually independent of task conditions, such as the number of stimuli in an identification task, and indicate the attainable information transmission as the dimensionality of a tactile device increases. The results from this experiment indicate that only two to three locations can be absolutely identified on the forearm and thigh, and that five locations can be identified on the palm. This is consistent with previous research performed on the wrist in which IT analyses revealed that only one to two locations in a three-by-three array with 25 mm between motors could be accurately identified [37] . Cholewiak and Collins [13] also reported IT values between 1.28 and 1.67 bits (out of a total possible 2.81 bits) at 25 and 50 mm intermotor spacing on the arm, similar to these results on the thigh and arm. Comparison of IT values across studies shows that there is not much improvement in localization as the intermotor spacing increases from 20 to 50 mm.
There are clearly perceptual anisotropies in localizing vibrotactile stimulation that should be taken into account when designing tactile displays. In this experiment, participants were more accurate at identifying the correct column of activation than the correct row (59 versus 26 percent) at all three sites tested. It may be that the edges of the limb function as landmarks that facilitate localization. Other aspects of tactile perception also demonstrate anisotropies. On the arm and thigh the distance between two points presented across the limb (transversely) is perceived to be greater (by 70 percent on the arm and 24 percent on the thigh) than the same distance presented longitudinally [43] . Tactile anisotropies have been hypothesized to reflect a number of factors including asymmetries in peripheral receptive fields, the presence of orientation-selective neurons in somatosensory cortex, and the contribution of anatomical landmarks such as joints to perceived distance [44] , [45] . They do not appear to be a consequence of dermatomal boundaries because they can occur within one dermatome such as on the index finger [46] .
CONCLUSION
The results from the first set of experiments demonstrate the importance of characterizing the properties of motors used in tactile displays when they are attached to the skin. Manufacturers' specifications are typically based on mounting motors on rigid structures, and it is clear that the mechanical properties of skin can have a profound influence on the input delivered by the motors. This in turn affects the signal detected by cutaneous mechanoreceptors and associated neural structures. For this type of motor, the 28 percent reduction in oscillation frequency is significant and must be considered if a display is designed to present varying vibrotactile frequencies.
Measurements of the surface waves elicited by vibrotactile stimulation of the skin reveal that for this type of motor they are propagated mainly in the y-axis, although there is significant motion in all three axes at the site of stimulation. The surface wave is markedly attenuated at 8 mm from the motor, but even at 24 mm the amplitude is still above the perceptual threshold. There were significant differences between glabrous and hairy skin in terms of the frequency and amplitude of oscillation of the motor. The frequency of vibration was higher on the palm and the amplitude was significantly smaller, consistent with the greater stiffness of glabrous skin. These results are relevant to interpreting how subjects localized points of stimulation in the tactile display. Despite the smaller amplitude signal, subjects were much better at identifying the site of stimulation on the palm as compared to the forearm and thigh. This no doubt reflects the superior spatial acuity of the palm. There was no difference between the thigh and the forearm in localization and so either site could be used to present spatial cues, although a widely spaced array with placement of tactors near anatomical landmarks would enhance localization.
Finally, the consistency among the results from various studies that have measured localization using a range of motors (C2 tactors, pancake motors, piezoceramic actuators) and display configurations suggests that the primary factor that influences localization is the site on which the display is mounted. The presence of a static surround around the moving element in the motor and the distance between motors do not appear to have a marked influence on localization. The ability to localize vibrotactile stimulation fundamentally reflects the spatial encoding of cutaneous mechanoreceptors.
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